INTRODUCTION {#SEC1}
============

SOX9 is a member of the structurally related sex-determining region Y (Sry)-box-containing (Sox) family of transcription factors essential for carrying out diverse functions during development ([@B1]--[@B3]). In humans, heterozygous germline mutations of *SOX9* cause Campomelic Dysplasia (CD), a severe form of dwarfism characterized by gross cartilage and bone abnormalities, as well as phenotypic sex reversal in most males ([@B4]). Although a small percentage survive to adulthood ([@B5]), the majority of patients with CD die in the neonatal period from respiratory distress caused by abnormal airway development or rib cage abnormalities ([@B6]). Similar to humans, homozygous loss of *SOX9* in mice causes embryonic lethality at E11.5, and heterozygous *SOX9* knockout mice die perinatally ([@B7]). Conditional *SOX9* knockout mouse models have further revealed that SOX9 regulates osteochondrogenic differentiation, extracellular matrix production, cell proliferation and branching morphogenesis ([@B8]--[@B11]). In adult tissues, SOX9 expression is necessary for the maintenance of stem and progenitor cell populations ([@B12]--[@B14]).

SOX9 has been implicated in tumorigenesis or tumor progression in numerous organs and tissues ([@B15]--[@B22]). In the KRAS^G12D^ pancreas cancer mouse model, SOX9 expression is required for development of pancreatic intraepithelial neoplasia, and overexpression of SOX9 accelerates formation of premalignant lesions ([@B20]). Several oncogenic pathways, such as KRAS, Wnt/β-catenin, Sonic hedgehog, Notch, TGFβ, NF-κB and YAP1 regulate SOX9 transcription ([@B20],[@B23]--[@B30]). Although the precise downstream mechanisms responsible for the pro-tumorigenic properties of SOX9 have not been fully uncovered, it is known that SOX9 enhances epithelial-mesenchymal transition and cell proliferation across multiple tumor types ([@B21],[@B31]--[@B33]). Upregulated SOX9 in tumors has also been correlated with poor survival in cancer patients ([@B21],[@B34]--[@B35]). SOX9 might contribute to poor survival by increasing resistance to therapy. Expression of SOX9 was shown to impart radiation-resistance to intestinal stem cells ([@B36]), and SOX9 increased resistance to tyrosine kinase inhibitors ([@B37]). Moreover, SOX9 overexpression was reported to participate in resistance to ultraviolet (UV) irradiation in keratinocytes ([@B38]). Further exploration of how SOX9 confers resistance to these external agents could lead to discovery of novel therapeutic strategies.

During the DNA damage response pathway, commonly initiated by genotoxic drugs or irradiation, many key proteins are actively degraded through the ubiquitin--proteasome system. The protein ubiquitination pathway is catalyzed by the ubiquitin-activating E1 enzyme, the ubiquitin-conjugating E2 enzyme and the ubiquitin--protein E3 ligase. Crucially, E3 ligases determine the substrate specificity for ubiquitination and subsequent degradation ([@B39]). Thus, E3 ligases are essential for regulating the specificity of the DNA damage response. A pivotal E3 ligase complex that regulates protein stability in development and cancer is the SKP1--cullin1--F-box protein (SCF) complex ([@B39]). The FBW7 tumor suppressor is a member of the SCF complex and is the most highly mutated F-box protein in human cancer ([@B39],[@B40]). FBW7 targets numerous oncoproteins for degradation, including MYC, JUN, Cyclin E and Notch1 ([@B39],[@B40]). FBW7 binds to its substrate at a conserved phosphodegron (CPD) motif within the substrate that must first be phosphorylated ([@B40]). FBW7 is also participates directly in the DNA damage response. FBW7 regulates the stability of MYC ([@B41]) and polo-like kinase 1 (PLK1) ([@B42]) in response to UV-induced DNA damage. Moreover, FBW7 is recruited to DNA double strand breaks and participates in DNA repair ([@B43]).

In the present study, we found that the developmental- and cancer-associated transcription factor, SOX9, is degraded in response to DNA damage caused by cytotoxic drugs or UV-irradiation. We identified a novel regulatory mechanism for the depletion of SOX9 induced by DNA damage that involves phosphorylation of SOX9 within its K2 transactivation domain by GSK3β, followed by the targeting of SOX9 by FBW7 for ubiquitination and proteasomal degradation ([@B44]). We also found that forced overexpression of SOX9 increased cell survival after exposure to UV irradiation, suggesting a potential mechanism driving the resistance of high SOX9-expressing cells to certain forms of genotoxic therapy. SOX9 can be added to the growing repertoire of proteins that are actively modulated by genotoxic stress and that participate in the DNA damage response.

MATERIALS AND METHODS {#SEC2}
=====================

Cell lines {#SEC2-1}
----------

HCT116 FBXW7+/+ and FBXW7−/− colon cancer cell lines, as well as HCT116 and p53-null derivatives were kind gifts from Dr Bert Vogelstein ([@B45]). C8161 melanoma cells were provided by Karine Cohen--Solal (Rutgers Cancer Institute of New Jersey), H460 sh-control and H460-p53shRNA lung cancer cells were provided by Zhaohui Feng (Rutgers Cancer Institute of New Jersey) ([@B46]). All other cell lines, A549, H1299 and H460 lung cancer, DLD1 colon cancer, U2OS osteosarcoma and Beas2b immortalized human bronchial epithelial cells, were obtained from ATCC. Cell cultures were maintained in RPMI plus 10% fetal bovine serum.

*In vitro* drug treatment {#SEC2-2}
-------------------------

Clinical-grade cisplatin and doxorubicin were obtained from the Rutgers Cancer Institute of New Jersey Pharmacy. Cells were treated with 30 μM cisplatin or 7.4 μM (4 μg/ml) doxorubicin for 24 h before collection.

Irradiation {#SEC2-3}
-----------

Cells were irradiated with UVC in a UV Stratalinker1800 (Agilent) at 70--90% confluence in a petri dish without the lid or media. The fluence output was confirmed with a UVX digital radiometer and UVX-25 sensor (UVP). After UV irradiation, fresh media was added. Where indicated, cells were transiently transfected 24 or 48 h before irradiation. Inhibitors were added 1 h prior to UV irradiation and added back to the media immediately after irradiation. Half-life measurements were performed after UV or without UV in 20 μg/ml cycloheximide (Sigma-Aldrich) for the indicated time periods. For γ-irradiation, cells were irradiated with Cs-137 γ-rays (dose rate: 0.893 Gy/min) 18 h after the cells were plated and lysates were collected at the indicated times after irradiation. Inhibitors were obtained from Sigma-Aldrich: MG132 (20 μM), H89 (20 μM), SB202190 (10 μM), KU55933 (10 μM), PD98059 (10 μM). Other drug concentrations are indicated.

Plasmids and transfections {#SEC2-4}
--------------------------

The HA-FBW7 and HA-GSK3 constructs were a gift of Wenyi Wei ([@B47]). GST-FBXL3a, GST-FBXL13, GST-FBXL18, GST-FBXL18, GST-FBW4, GST-FBW6 and GST-FBW7 were gifts of Wade Harper (Harvard Medical School). The SOX9-pCMV-Tag2 plasmid was validated and described previously ([@B22],[@B31]). GFP-C1 was purchased from Clontech. The pDZ Flag USP28 plasmid was a gift from Martin Eilers (Addgene plasmid \# 15665) ([@B41]). HA-GSK3β and HA-GSK3β S9A plasmids were a kind gift from Jim Woodgett (Addgene plasmid \#14753, 14754) ([@B48]). SOX9 mutants were generated with the QuikChange II XL Site-Directed Mutagenesis kit (Stratagene) according to the manufacturer\'s instructions. Transfections were performed using Fugene (Promega) as described ([@B31]). siRNAs against ATR, ATM and DNA-PK were purchased from Santa Cruz and transfected with Lipofectimine RNAiMAX (Life Technologies), following the manufacturer\'s instructions. Cells were collected or experiments were performed 48 h after transfection, unless otherwise indicated.

Western blot {#SEC2-5}
------------

Standard immunoblots were performed as previously described ([@B31]). Antibodies against the following proteins were purchased from Cell Signaling: GST (8146), FLAG (8146), HA (2367), GFP (2559), GSK3β (9315), Phospho-histone H3 (9701), Notch1-ICD (4147), phospho-CHK1 (2341), phospho-CHK2 (2661), phospho-ERK (9101), phospho-AKT (4060), phospho-CREB (9198), phospho-MAPKAPK2 (3007), PARP (9542), ATM (2873), ATR (2790), DNA-PK (4602) and GSK3β (9315). Antibodies against SOX9 (Millipore, AB5535), FBW7 (R&D, MAB7776), p53 (Abcam, ab1101), GAPDH (Millipore, MAB374) and α-Tubulin (Sigma, T9026) were used. Rabbit polyclonal phospho-T236-SOX9 was custom-generated by Bethyl laboratories. Specificity was assessed by detection of wild-type but not T236-mutant SOX9, as well as loss of detection after treatment of lysates with λ-phosphatase.

Immunoprecipitation {#SEC2-6}
-------------------

Cells were transfected 48 h prior to cell collection, treated with 20 μM MG132 for the last 8 h, and lysed in lysis buffer \[50 mM Tris.HCl (pH7.4), 150 mM NaCl, 10% Glycerol, 1 mM EDTA\], 1% Triton-X-100, phosphatase inhibitors and protease inhibitor cocktails 2 and 3 (Sigma-Aldrich). The cell lysates were cleared by centrifugation and incubated with Flag M2 protein A/G (Cell Signaling) beads overnight. The beads were boiled after extensive washing and the proteins were detected by Western blotting, followed by quantification using Image J software (<http://rsb.info.nih.gov/ij>). For endogenous immunoprecipitation, SOX9 was immunoprecipitated from lysates that were prepared from two 10-cm dishes with a rabbit polyclonal antibody against SOX9 (Millipore, AB5535), using Protein A/G plus-Agarose IP Reagent (Santa Cruz), following the manufacturer\'s instructions. For immunoprecipitation under denatured conditions, cells were lysed in denaturing buffer (1% SDS, 5 mM EDTA, phosphatase and protease inhibitors), boiled for 5 min and passed through a 26-g needle several times. Lysates were diluted 1:10 in the non-denaturing lysis buffer as used for Western blotting. Immunoprecipitation was carried out as described above.

Mass spectrometry {#SEC2-7}
-----------------

Endogenous SOX9 immunoprecipitation products were separated by SDS-PAGE. The SOX9 bands were excised and digested with Asp-N using a standard in-gel digestion protocol. Nano-LC-MSMS was done as described ([@B49]). Peak lists in the format of MASCOT Generic Format was generated using the Proteome Discover 1.4 (ThermoFisher). Data were searched against SwissPort most updated database with species set to human using MASCOT 2.2 search engine. Carbamidomethylation on cysteine was set as static modification. Oxidation on methionine, phosphorylation on serine, threonine and tyrosine were set as dynamic modifications. The identified phosphorylated peptides of SOX9 were manually inspected.

*In vitro* phosphorylation {#SEC2-8}
--------------------------

An empty GST vector or wild-type and mutant GST-SOX9 fragments (residues 186--318) were purified from *Escherichia coli* using a standard protocol. The kinase assay was performed at 30°C in a kinase buffer with recombinant human GSK3β, 200 μM ATP and 5 μCi\[^32^P\]-ATP. Reactions were terminated with Laemmli SDS sample buffer. The phosphorylation of SOX9 was detected by autoradiography. Presence of GST or GST-SOX9 was detected by Coomassie blue staining.

GST pull-down {#SEC2-9}
-------------

HEK293T cells expressing HA-FBW7 were lysed and cleared by centrifugation. The GST proteins were purified using glutathione sepharose 4B (AmershamBiosciences), and the bound HA-FBW7 was detected by Western blot. Binding to immobilized GST proteins was performed as described previously ([@B50]). Where indicated, the GST-SOX9 fragments proteins were incubated with GSK3 in the presence of 200 μM ATP for 1 h prior to the binding assays.

Polymerase Chain Reaction (PCR) {#SEC2-10}
-------------------------------

RNA was extracted from HCT116 FBW7+/+ and FBW7−/− cells, cDNA was generated and GAPDH was amplified following standard procedures ([@B31]). Exons 4--6 of FBW7 was amplified using primers Forward, 5′AACGACGCCGAATTACATCT3′, and Reverse, 5′TGCTTGTAGCAGGTCTTTGG3′, to yield either a 251 bp polymerase chain reaction (PCR) product if exon 5 was intact, or no PCR product if exon 5 was deleted, as originally demonstrated ([@B45]).

Cell synchronization {#SEC2-11}
--------------------

For synchronization in early S phase, H1299 cells were incubated with 200 mM thymidine for 15 h, grown in the absence of thymidine for 8 h and incubated in thymidine again for 16 h. For synchronization in G0/G1 phase, cells were incubated in serum-free media containing 0.1% bovine serum albumin for 24 h. Synchronization was confirmed by cell cycle analysis of propidium iodide-stained cells.

Clonogenic assay {#SEC2-12}
----------------

Cells were plated (50 000 or 200 cells) 24 h after transfection, and exposed to 40 J/m^2^ UVC 24 h later. Plates were fixed and stained with coomassie blue 14 days after irradiation, or 7 days after plating in the case of unirradiated cells. Colonies that were ≥200 μm in diameter were counted using ImageJ software (<https://imagej.nih.gov/ij/>).

Statistical analyses {#SEC2-13}
--------------------

Mean values and standard deviations are shown in graphs that were generated from several repeats of biological experiments, unless otherwise stated. The used statistical tests are indicated in the Figure legends. Calculations were performed by use of STATA version 12 software (STATA Corp). A *P*-value that was ≤0.05 was used as the criterion of statistical significance. All statistical tests were two-sided.

RESULTS {#SEC3}
=======

Drug- and UV-induced DNA damage depletes SOX9 {#SEC3-1}
---------------------------------------------

During our studies relating SOX9 expression to genotoxic drug sensitivity in cancer, we were surprised that both cisplatin and doxorubicin caused a reduction of SOX9 protein levels in several cancer cell lines (Figure [1A](#F1){ref-type="fig"}). Cisplatin forms inter-strand DNA crosslinks that interfere with DNA replication ([@B51]), whereas doxorubicin intercalates into DNA, causes DNA breaks and prevents DNA replication ([@B52]). To explore our findings further, we tested various cellular stressors. As expected, hydrogen peroxide, which causes DNA damage through oxidative stress, resulted in activation of the DNA damage response, evidenced by activation of CHK1, but it caused only a modest decrease in SOX9 (Figure [1B](#F1){ref-type="fig"}). In contrast, neither exposure of cells to 43°C, which induces a rapid heat stress response, nor serum starvation, which initiates a cellular stress response by depriving cells of growth factors, caused a loss of SOX9 (Figure [1B](#F1){ref-type="fig"}). We concluded that SOX9 depletion is likely a consequence of certain forms of DNA damage but not an effect of a general cellular stress response.

![Chemotherapeutic drugs and UV irradiation deplete SOX9. (**A**) Western blot of SOX9 protein levels in various cancer cell lines after 24 h of treatment with cisplatin (Cis) (30 μM), doxorubicin (Doxo) (7.4 μM) or untreated (Ctrl). The blots for H1299 were run in parallel with the other cell lines and exposed on the same film. GAPDH was used as a loading control. (**B**) Western blot of SOX9 protein levels in untreated (Ctrl) H1299 cells or cells after treatment with 0.1 or 0.2 mM hydrogen peroxide for 4 h, heat-shock (43°C) for 2 h or serum starvation (SS) for 24 h. Numbers below represent densitometric determination of the change in SOX9 protein levels compared to control, normalized to GAPDH. Phosphorylated CHK-1 served as a control for activation of the DNA damage response. (**C**) Western blot of SOX9 and Notch1 intracellular domain (N1 ICD) in A549 cells. Lysates were prepared at the indicated times (0--8 h) after UV irradiation (80 J/m^2^). GAPDH was used as a loading control. (**D**) Western blot of SOX9 protein levels in A549 and H1299 cells 8 h after varying doses of UV irradiation (0--100 J/m^2^). (**E**) The graph shows average SOX9 protein levels normalized to GAPDH, from the data in (D) in three independent experiments. Error bars indicate the standard deviation.](gkw748fig1){#F1}

We next tested if SOX9 is depleted in response to other types of DNA damage. We exposed cells to UV irradiation, which causes pyrimidine dimers, induces DNA strand breaks and prevents DNA replication. UV exposure decreased SOX9 protein levels in a time- and dose-dependent manner. SOX9 was significantly depleted as early as 2--4 h after exposure, and at a UV fluence as low as 5 J/m^2^ (Figure [1C](#F1){ref-type="fig"}--[E](#F1){ref-type="fig"}). UV-induced SOX9 depletion was also apparent across additional cell lines from lung cancer, colon cancer, osteosarcoma, melanoma and immortalized human bronchial epithelial cells (Supplementary Figure S1A and B). UV-induced loss of SOX9 was prolonged and recovery was not reached until 96 h after exposure (Supplementary Figure S1C). UV irradiation had no effect on Notch1 (Figure [1C](#F1){ref-type="fig"}), that transcriptionally regulates SOX9 expression ([@B31],[@B53]), suggesting that the decrease in SOX9 is specific. We also confirmed that decreased SOX9 after UV exposure was not due to cell cycle-dependent expression of SOX9, as there were no changes in SOX9 protein levels in the different cell cycle phases (Supplementary Figure S1F). We were unable to detect any loss of SOX9 after varying doses of γ-irradiation, although there was a slight increase at higher doses (Supplementary Figure S1E). Thus, elimination of SOX9 is unique to certain forms of DNA damage. This observation is similar to p21, where is has been reported to be depleted after UV irradiation but up-regulated by γ-irradiation ([@B54]).

Mechanistic insight into SOX9 protein degradation after UV irradiation {#SEC3-2}
----------------------------------------------------------------------

We next sought to define the molecular mechanisms responsible for the depletion of SOX9 after UV-induced DNA damage. P53 coordinates the cellular response to DNA damage and is activated by UV ([@B55]). However, SOX9 down-regulation occurred after UV exposure in cell lines regardless of TP53 status or expression (Figure [1C](#F1){ref-type="fig"}, [D](#F1){ref-type="fig"} and Supplementary Figure S1A--D). Thus, depletion of SOX9 after UV exposure is likely independent of p53.

Activation of the ATR, ATM and DNA-PK checkpoint pathways are major events in the cellular response to UV damage ([@B56]). Additional pathways are activated during the DNA damage response, including PKA/cAMP, PI3K and p38/MAPK ([@B57]--[@B59]). We surmised that at least one of these DNA damage response pathways would contribute to the loss of SOX9 after UV irradiation. However, experimental evidence failed to implicate any of these pathways in UV-induced elimination of SOX9. Specifically, inhibition of ATR with either VE821 or AZ20 prevented UV-induced CHK1 activation, but did not prevent SOX9 depletion (Supplementary Figure S2A). Likewise, inhibition of ATM with KU55933 prevented CHK2 activation caused by UV exposure but didn\'t abrogate SOX9 depletion (Supplementary Figure S2B). UV irradiation also induced loss of SOX9 in DNA-PK deficient cells (Supplementary Figure S2C). Moreover, UV irradiation caused the depletion of SOX9 when ATM, ATR and DNA-PK expressions were knocked by siRNA (Supplementary Figure S2D). Next, inhibition of PI3K by Wortmannin or LY294002 prevented AKT phosphorylation but did not abrogate UV-induced SOX9 loss (Supplementary Figure S2E). Similarly, inhibition of PKA with H89 prevented phosphorylation of CREB after UV irradiation, but had no effect on attenuating the loss of SOX9 (Supplementary Figure S2F). We also inhibited MEK with PD98059 and p38 MAPK with SB202-190, and verified that activation of ERK was attenuated and phosphorylation of MAP-KAPK2 was blocked after UV exposure, respectively, but UV still resulted in SOX9 degradation (Supplementary Figure S2B, S2F). In summary, UV-induced SOX9 depletion in cancer cells is independent of ATR/ATM, DNA-PK, as well as PKA/cAMP, PI3K and p38/MAPK.

Requirement of GSK3β for SOX9 protein depletion after UV irradiation {#SEC3-3}
--------------------------------------------------------------------

We had noted that pretreatment of cells with a low concentration of caffeine (5 mM) attenuated the reduction of SOX9 protein in A549 cells caused by UV exposure (Supplementary Figure S2B). We next confirmed this in multiple cell lines. Caffeine completely prevented UV-induced SOX9 degradation in a dose-dependent manner (Figure [2A](#F2){ref-type="fig"}). There was a slight reduction of SOX9 protein gel mobility in UV-irradiated cells as compared to unirradiated cells that was prevented by caffeine treatment (Figure [2A](#F2){ref-type="fig"}), suggesting that UV-irradiation induces a SOX9 protein modification inhibited by caffeine. Although caffeine is a widely-used inhibitor of ATM and ATR pathways, it is also a potent indirect inhibitor of GSK3β, either through inhibition of ATM/ATR ([@B60]) or activation of PKA ([@B61]). There had been no prior reports that GSK3β phosphorylates SOX9 or regulates SOX9 stability, but GSK3β is involved in the regulation of p21 and MYC degradation after UV irradiation ([@B41],[@B60]). Thus, we asked whether GSK3β regulates UV-induced SOX9 destabilization. To test this hypothesis, we pretreated cells with the GSK3 inhibitor CHIR99021 prior to UV irradiation. Inhibition of GSK3 abrogated UV-induced SOX9 degradation in a dose-dependent manner (Figure [2B](#F2){ref-type="fig"}), suggesting that GSK3β plays a role in regulating SOX9 stability after DNA damage.

![SOX9 depletion after UV irradiation is inhibited by caffeine or GSK3 inhibition and is mediated by the proteasome pathway. (**A**) Dose-dependent inhibition of SOX9 depletion after UV by caffeine. Western blot of SOX9 levels in H1299, A549 and H460 cells 8 h after UV irradiation (80 J/m^2^) that were pre-treated with escalating doses of caffeine (0--20 mM). GAPDH was used as a loading control. (**B**) UV-induced SOX9 degradation is prevented by inhibition of GSK3. Western blot of SOX9 levels 8 h after UV irradiation (80 J/m^2^) in H1299 cells that were pre-treated with escalating doses of the GSK3 inhibitor CHIR-99021 (0--40 μM). GAPDH was used as a loading control. (**C**) Cycloheximide (CHX) chase assay on UV irradiated (80 J/m^2^) or unirradiated H1299, A549 and H460 cells. SOX9 protein levels were detected by Western blot at the indicated times (0--8 h). The half-life of SOX9 was determined by densitometric quantitation. In the graphical representation, the signal at 0 h was set to 1.0 and used as a standard for subsequent times, after normalization by the GAPDH loading control. (**D**) UV-induced proteasome-dependent degradation of SOX9. Western blot of SOX9 protein levels in unirradiated or UV-irradiated (8 h, 80 J/m^2^) H1299, A549 and H460 cells, either with or without a 6-h treatment with the proteasome inhibitor MG132. GAPDH was used as a loading control.](gkw748fig2){#F2}

FBW7 targets SOX9 for destruction after UV-induced DNA damage {#SEC3-4}
-------------------------------------------------------------

Because the data thus far suggested that the regulation of SOX9 depletion after UV irradiation is post-translational, we next tested if UV-induced SOX9 loss was due to reduced protein stability. Cycloheximide (CHX) was used to block *de novo* protein synthesis. We determined the half-life of SOX9 was about 7 h in unirradiated cells, but it was reduced to about 3 h in cells exposed to UV (Figure [2C](#F2){ref-type="fig"}). Moreover, the reduction of SOX9 protein levels after exposure to UV was completely abrogated by a 6 h treatment with the 26S proteasome inhibitor, MG132, (Figure [2D](#F2){ref-type="fig"}), suggesting that SOX9 was degraded through a ubiquitin--proteasome pathway in response to DNA damage. We also noted that under normal conditions, a 6 h treatment with MG132 did not increase SOX9 protein levels, similar to a recent report ([@B62]).

In order to identify the E3 ligase that may meditate the ubiquitination of SOX9 leading to its proteasomal degradation after DNA damage, we screened the F-box protein family of E3 ligases, which typically require their target proteins to first be phosphorylated by GSK3β ([@B39]). We co-expressed SOX9 with empty GST vector, or GST-tagged FBXL3a, FBXL13, FBXL18, FBXO16, FBW4, FBW6 or FBW7. As shown in Figure [3A](#F3){ref-type="fig"}, the protein levels of SOX9 were decreased when it was co-expressed with FBW7, but none of the other E3 ligases were able to alter SOX9 levels, suggesting that SOX9 can be targeted for proteasomal degradation through FBW7.

![FBW7α targets SOX9 for ubiquitination and destruction after UV-induced DNA damage. (**A**) Screen of F-box proteins. H293T cells were co-transfected with FLAG-SOX9 and an empty vector or the GST-tagged F-box proteins FBXL3a, FBXL13, FBXL18, FBXO16, FBW4, FBW6 or FBW7, as well as green fluorescent protein (GFP) for a transfection control. Lysates were immunoblotted for FLAG and GST. α-Tubulin (α-TUB) was used as a loading control. (**B**) Western blot of FLAG-SOX9, HA-FBW7 and GFP of lysates from U2OS and H1299 cells that were co-transfected with FLAG-SOX9, GFP and increasing amounts of HA-FBW7α. α-tubulin was used as a loading control. (**C**) FBW7 mediates UV-induced SOX9 degradation. *FBW7*^+/+^ or *FBW*7^−/−^ HCT116 colon cancer cells UV irradiated (8 h, 80 J/m^2^), or unirradiated, were immunoblotted for SOX9. GAPDH was used as a loading control. (**D**) FBW7 decreases endogenous SOX9. *FBW7*^−/−^ HCT116 were transfected with HA-FBW7. *FBW7*^+/+^ and *FBW7*^−/−^ HCT116 cells were immunoblotted for SOX9 and HA-FBW7. GAPDH was used as a loading control. (**E**) RNA from *FBW7*^+/+^ and *FBW7*^−/−^ HCT116 cells were examined for deletion of exon 5 in FBW7, utilizing primers that span exons 4 and 6 and that yield a 251 bp product. The absence of an RT-PCR product in lane 2 signifies deletion of exon 5 and de-stabilization of the mRNA. GAPDH was used as a control for mRNA quality.](gkw748fig3){#F3}

FBW7 is a key component of the SCF E3 ubiquitin ligase complex that has been reported to regulate MYC stability in response to UV-induced DNA damage ([@B41]). Thus, we set out to further test whether FBW7 regulates the destruction of SOX9. Co-expression of SOX9 with increasing amounts of FBW7α, an isoform of FBW7 that is localized primarily in the nucleoplasm, resulted in incrementally reduced SOX9 levels (Figure [3B](#F3){ref-type="fig"}). To assess if degradation of endogenous SOX9 is downstream of and specific to FBW7, we examined HCT116 isogenic cell lines that were either FBW7-wild-type or -null (by deletion of exon 5) ([@B45]). Endogenous SOX9 levels were higher in the FBW7-null cells (Figure [3C](#F3){ref-type="fig"}). Moreover, after UV-induced DNA damage, SOX9 was depleted in FBW7-wild-type cells, but not in FBW7-null cells (Figure [3C](#F3){ref-type="fig"}). In order to exclude clonal selection, and to confirm specificity, we re-introduced FBW7 into HCT116 FBW7-null cells, and this fully restored SOX9 degradation (Figure [3D](#F3){ref-type="fig"}). We also confirmed the deletion of exon 5 FBW7 (Figure [3E](#F3){ref-type="fig"}), which results in FBW7 mRNA degradation ([@B45]). These data in total confirm that FBW7 targets SOX9 for degradation and accelerates SOX9 loss after UV-induced DNA damage.

Phosphorylation by GSK3β triggers FBW7-mediated SOX9 depletion {#SEC3-5}
--------------------------------------------------------------

Based on our findings that inhibition of GSK3β prevents DNA damage-induced SOX9 degradation, and that FBW7 targets SOX9 for degradation after DNA damage, we reasoned that phosphorylation of SOX9 by GSK3β is required for FBW7-mediated SOX9 degradation. When SOX9 and FBW7 were transiently co-overexpressed, the half-life of SOX9 was about 2 h, but it was increased to more than 6 h when GSK3 was inhibited (Figure [4A](#F4){ref-type="fig"}). In line with this, SOX9 was decreased when constitutively active mutant (S9A) GSK3β was expressed, in comparison to wild-type GSK3β (Figure [4B](#F4){ref-type="fig"}). Moreover, when cells were co-transfected with a reduced molar ratio of FBW7 to SOX9 (1:4) that did not deplete SOX9 levels substantially, overexpression of either wild-type GSK3β or constitutively active GSK3β caused a further reduction in SOX9 (Figure [4B](#F4){ref-type="fig"}), demonstrating that SOX9 destabilization mediated by FBW7 is enhanced by GSK3β.

![UV-induced SOX9 degradation requires GSK3 activity. (**A**) GSK3 enhances FBW7α-mediated SOX9 degradation. H1299 cells were co-transfected with HA-FBW7α and FLAG-SOX9, and were either untreated or treated with CHIR-99021 in the presence of CHX. Lysates were collected at varying times and probed for FLAG-SOX9 and HA-FBW7. The graph on the right depicts the half-life of SOX9, determined by densitometric quantitation. GAPDH was used as a normalization control. SE, short film exposure; LE, long film exposure. (**B**) H1299 cells were transfected with FLAG-SOX9 with or without wild-type (WT) GSK3β or constitutively active S9A GSK3β and with or without HA-FBW7α, which was transfected at a 1:4 molar ratio to the other plasmids. GFP was transfected as a control. Lysates were immunoblotted for FLAG-SOX9, HA-FBW7, GFP and GSK3β. Levels of FLAG-SOX9 were quantified by densitometry, normalized to GAPDH. (**C**) FBW7α interacts with SOX9. H1299 and U2OS cells were transfected with HA-FBW7α along with FLAG-SOX9. Lysates were immunoprecipitated with anti-FLAG and immunoblotted for FLAG-SOX9 and HA-FBW7. A Western blot of the 5% input lysates is also shown (**D**) Endogenous FBW7 interacts with endogenous SOX9. SOX9 was immunoprecipitated (IP) from H1299 lysates, and proteins were immunoblotted for FBW7 and SOX9, as well as IgG. A Western blot of the 5% input lysates is also shown. (**E**) Interaction between FBW7α and SOX9 is dependent on GSK3. H1299 cells were transfected with HA-FBW7α along with FLAG-SOX9 and GFP as a transfection control, either untreated or treated with the GSK3 inhibitor, CHIR99021. Lysates were immunoprecipitated with anti-FLAG and immunoblotted for FLAG-SOX9 and HA-FBW7. A Western blot of the 5% input lysates is also shown. (**F**) FBW7 targets SOX9 for ubiquitination. H1299 cells were co-transfected with either FLAG-SOX9 or FLAG-MUT-SOX9 (CPD-mutant), and HA-Ub with or without HA-FBW7α. Cells were treated with MG132 with or without CHIR99021 for 6 h before collection of lysates. GFP was transfected as a control. Denatured lysates were immunoprecipitated with anti-FLAG and immunoblotted for Ubiquitin. The 5% input lysates were also immunoblotted for HA, FLAG and GFP.](gkw748fig4){#F4}

FBW7 interacts with SOX9 *in vivo* {#SEC3-6}
----------------------------------

Direct binding to FBW7 is necessary for the destruction of its substrates ([@B40],[@B63]). Thus, the correlation between FBW7 and SOX9 prompted us to investigate whether FBW7 interacts with SOX9. We performed a co-immunoprecipitation on lysates from cells in which FLAG-SOX9 was co-transfected with or without HA-FBW7α in the presence of MG132. FBW7 was shown to be pulled down by SOX9 (Figure [4C](#F4){ref-type="fig"}). Moreover, endogenous FBW7 was also pulled down by immunoprecipitation of endogenous SOX9 (Figure [4D](#F4){ref-type="fig"}), further confirming the interaction between FBW7 and SOX9. Additionally, inhibition of GSK3 abolished the interaction between SOX9 and FBW7α (Figure [4E](#F4){ref-type="fig"}). To test whether the interaction of FBW7 with SOX9 results in ubiquitination of SOX9, we co-overexpressed ubiquitin with FLAG-SOX9 in the presence of MG132, and we immunoprecipitated SOX9 under denatured conditions. Poly-ubiquitinated SOX9 was increased when cells were co-transfected with FBW7α, and moreover, ubiquitination of SOX9 was abrogated after the addition of the GSK3 inhibitor (Figure [4F](#F4){ref-type="fig"}). These data confirmed that FBW7α targets SOX9 for ubiquitination and proteasomal destruction in a GSK3β-dependent manner.

FBW7 binds to the K2 transactivation domain of SOX9 {#SEC3-7}
---------------------------------------------------

We next mapped the regions of SOX9 that are required for its interaction with FBW7. We scanned the SOX9 amino acid sequence for CDC4 phosphodegron (CPD) motifs that are characteristic of FBW7α substrates, where the '0' and '+4' sites are most frequently a phosphorylated threonine or serine, and the '0' site is typically phosphorylated by GSK3β ([@B40]). We identified four potential motifs (Figure [5A](#F5){ref-type="fig"}). To ascertain if one or more of the identified motifs are functional CPDs, we mutated the threonine and serine residues within each motif to alanine (underlined in Figure [5A](#F5){ref-type="fig"}). We then co-expressed wild-type or mutant SOX9 (CPD motifs 1--4) along with FBW7. Only mutation of one putative CPD motif, comprising amino acids 236--240, prevented the decrease in SOX9 levels caused by FBW7α (Figure [5B](#F5){ref-type="fig"}). The CPD is conserved across vertebrates (Figure [5C](#F5){ref-type="fig"}) and is located in the K2 domain of SOX9 that has potential transactivation and protein binding functions ([@B64]). As expected, the CPD-mutant SOX9 protein was more stable than CPD-WT SOX9 when co-overexpressed with FBW7 (Supplementary Figure S3). In a co-immunoprecipitation assay, wild-type SOX9 but not the CPD-mutant SOX9 was able to interact with FBW7 *in vivo* (Figure [5D](#F5){ref-type="fig"}), confirming that FBW7 interacts with SOX9 within SOX9\'s K2 domain, at T236-T240. To test if the CPD motif is phosphorylated *in vivo*, we immunoprecipitated endogenous SOX9 and performed liquid chromatography-tandem mass spectrometry, which indicated that T236, as well as either T239 or T240, are phosphorylated (Supplementary Figure S4A). We next individually mutated T236, T239 and T240. Mutation of T236 to Ala substantially attenuated, and mutation of T240 to Ala partly attenuated the reduction of SOX9 by FBW7; however, mutation of T239 to Ala had essentially no effect (Supplementary Figure S4B), demonstrating that phosphorylation of T236 and T240 are key steps facilitating the recognition of SOX9 by FBW7. Moreover, P-T236 was decreased after the addition of the GSK3β inhibitor, CHIR-99021 (Figure [5E](#F5){ref-type="fig"}). We could also detect P-T236 in overexpressed wild-type SOX9 that was decreased by GSK3β inhibition. However, as expected, P-T236 was not detected in the CPD-mutant SOX9 (Figure [5E](#F5){ref-type="fig"}). Last, a database search of PhosphoSitePlus (<http://www.phosphosite.org/>) revealed that phosphorylation at T236-SOX9 was previously reported ([@B65]).

![Phosphorylation of SOX9 in the K2 domain by GSK3β triggers SOX9 destruction by FBW7α. (**A**) Alignment of the putative SOX9 consensus phosphodegron (CPD) sites (Motifs 1--4) with the FBW7 CPD sequence known for other FBW7 target proteins. The SOX9 serine and threonine residues that were mutated to alanine are underlined. (**B**) The FBW7α CPD binding site on SOX9 comprises amino acids 236--240. The top schematic depicts the locations of the DIM, HMG, K2, PQA and TA domains of SOX9, as well as the locations of the putative CPD motifs. Below, H1299 cells were transfected with WT FLAG-SOX9 or the indicated FLAG-SOX9 mutants (M1--M4) with GFP and with or without HA-FBW7α. Lysates were immunoblotted for GFP, FLAG and HA. GAPDH was used as a normalization control. SE, short film exposure; LE, long film exposure. (**C**) The SOX9 CPD sequence targeted by FBW7α is conserved across different species. The sequence shown for zebrafish is the SOX9a ortholog. (**D**) SOX9 interacts with FBW7α at the K2 domain CPD motif. H1299 cells were co-transfected with HA-FBW7α and either wild-type FLAG-SOX9 or CPD-mutant FLAG-MUT-SOX9. Lysates were immunoprecipitated with anti-FLAG and immunoblotted for HA and FLAG. A Western blot of lysates comprising 5% of input is also shown for HA and FLAG. (**E**) The SOX9 K2 domain is phosphorylated by GSK3β at T236. Beas2b cells were transfected with the FLAG-control, wild-type FLAG-SOX9 or CPD-mutant FLAG-MUT-SOX9. Cells were treated with 40 μM CHIR-99021 for 8 h, 48 h after transfection. A Western blot of lysates is shown for SOX9, P-T236-SOX9 and GAPDH. SE, short film exposure; LE, long film exposure. (**F**) FBW7α directly interacts with SOX9 *in vitro*. A binding assay was performed on HA-FBW7α protein and a GST-tagged WT SOX9 fragment comprising amino acids 186--318, or a GST-tagged SOX9 mutated at the CPD motif, with or without human recombinant GSK3β (rhGSK3β). The input and GST-immunoprecipitated proteins were immunoblotted for HA-FBW7. Total GST and GST-SOX9 were visualized by a coomassie blue stain. M, protein marker. (**G**) GSK3β directly phosphorylates SOX9. An *in vitro* kinase assay was performed using human recombinant GSK3β and purified GST, wild-type GST-SOX9 or a CPD-mutant GST-SOX9. ^32^P GST-SOX9 is shown. Total GST and GST-SOX9 were visualized by a coomassie blue stain. Presence of GSK3β was confirmed by immunoblotting. Graph represents the average phosphorylation of CPD-mutant SOX relative to wild-type SOX9 in three independent experiments. Error bars represent the standard deviation. A two-tailed Student\'s *t*-test was used to compare groups. \*\*, *P* \< 0.01.](gkw748fig5){#F5}

Because alterations in protein stability *in vivo* could reflect indirect effects of FBW7, we performed an *in vitro* binding assay. Purified FBW7α and a fragment of WT SOX9 (comprising amino acids 181--320) were able to directly interact; and this interaction was lost when the CPD site was mutated (Figure [5F](#F5){ref-type="fig"}). To test if GSK3β directly phosphorylates SOX9 within the FBW7 consensus binding motif, we performed an *in vitro* kinase assay using a purified fragment of WT or CPD-mutant SOX9 and recombinant human GSK3. Wild-type SOX9 was phosphorylated by GSK3, and the level of phosphorylation was reduced by 50% in the CPD mutant SOX9 (Figure [5G](#F5){ref-type="fig"}), demonstrating that GSK3 phosphorylates SOX9 within the FBW7 binding motif, although it is unclear if GSK3 phosphorylates T236, T240 or both. Diminished phosphorylation of the CPD-mutant protein suggested the presence of an additional GSK3β phosphorylation site(s) on SOX9. Last, the CPD-mutant form of SOX9 was unable to be ubiquitinated when co-expressed with FBW7 (Figure [4F](#F4){ref-type="fig"}). These data in total confirmed that the FBW7 CPD motif in SOX9 spans amino acids 236--240, that T236 is phosphorylated by GSK3β, that FBW7 targets GSK3-phosphorylated SOX9 for degradation, and that FBW7 regulates SOX9 stability under normal physiological conditions.

SOX9 depletion after DNA damage contributes to cell death {#SEC3-8}
---------------------------------------------------------

SOX9 upregulation has been shown to bypass cellular senescence or prevent apoptosis in non-tumor cells ([@B36],[@B66]--[@B68]), but there has been no established link between SOX9 and cell survival in cancer. We surmised that the active elimination of SOX9 contributes to cell death during the DNA damage response. Exogenously introduced SOX9 driven by a strong CMV promoter was not depleted after UV exposure (Supplementary Figure S1C), which allowed us to functionally test the role of persistent SOX9 levels after UV irradiation. Under basal conditions, transient SOX9 overexpression or siRNA-mediated knock-down of SOX9 had no effect on altering colony-formation ability (Figure [6A](#F6){ref-type="fig"}). However, overexpression of SOX9 increased the fraction of HCT116 FBW7-wild-type cells that survived after UV irradiation by 10-fold (Figure [6B](#F6){ref-type="fig"}). Moreover, HCT116 FBW7-null cells had an increased colony-forming ability as compared to HCT116 FBW7-wild-type cells, though the colony sizes were smaller (Figure [6B](#F6){ref-type="fig"}). In HCT116 FBW7-null cells in which SOX9 protein levels are unaltered after UV irradiation (Figure [3C](#F3){ref-type="fig"}), transient upregulation of SOX9 had no effect on cell survival, as evidenced by no increase in the surviving fraction after UV irradiation (Figure [6B](#F6){ref-type="fig"}). It is important to note that wild-type SOX9 was overexpressed, and perhaps overexpression of un-degradable SOX9 that is mutated at the FBW7 CPD site would have a different effect on cell survival. We next transiently knocked down SOX9 prior to UV irradiation to rescue the inability to deplete SOX9 caused by the loss of FBW7, and this completely abolished the increased colony-forming ability after UV irradiation. Transient knock-down of SOX9 in HCT116 FBW7-wild-type cells that deplete SOX9 after UV exposure had no significant effect on the surviving fraction after UV exposure (Figure [6B](#F6){ref-type="fig"}). This demonstrates that SOX9 is likely a participant in the role of FBW7 in mediating UV-induced cell death.

![Loss of SOX9 mediated by FBW7 after DNA damage mediates long-term cell survival. Cell clonogenic assays were performed on HCT116 FBW7 wild-type (+/+) and null (-/-) cells with (**A**) no treatment or (**B**) after exposure to UV irradiation at 40 J/m^2^. Cells were transiently transfected with SOX9 or vector control (Ctrl), or with siRNA against SOX9 (siSOX9) or a scrambled siRNA (siSCR), 24 h before irradiation. Plates were stained with coomassie blue. Graphs to the right represent the average number of colonies out of (A) 200 cells per plate, or the average fraction of surviving cells out of (B) 50 000 cells in three independent experiments. A two-tailed Student\'s *t*-test was used to compare groups. Error bars show standard deviation; \*\*\**P* \< 0.0001.](gkw748fig6){#F6}

DISCUSSION {#SEC4}
==========

In this study we identified an E3 ligase, FBW7, as a key regulator of SOX9 depletion after genotoxic stress. We present evidence that the induction of DNA damage by cytotoxic chemotherapeutic agents or UV-irradiation causes a rapid and robust loss of SOX9 across multiple cancer cell types and in immortalized human epithelial cells. We also show that SOX9 depletion after genotoxic stress is independent of many classical DNA damage response pathways including p53, ATR and ATM. We propose a model in which UV-induced SOX9 ubiquitination and proteasomal degradation requires phosphorylation by GSK3β. Failure of GSK3β to phosphorylate SOX9 prevents the binding of FBW7 to the consensus CPD site on SOX9, located within the K2 transactivation domain, and prevents the degradation of SOX9 both under normal conditions and after DNA damage. Indeed, Sangfelt and colleagues also observed that SOX9 protein is stabilized by FBW7 repression in meduloblastoma under normal conditions ([@B69]). In our study, loss of SOX9 after DNA damage participates in UV damage-induced cell death, because overexpressed SOX9 increases cell survival even after genotoxic stress (Figure [7](#F7){ref-type="fig"}). These results suggest that SOX9 is a new signaling link between the FBW7 tumor suppressor pathway and the cellular response to DNA damage.

![Schematic model of the FBW7-SOX9 pathway under basal conditions and after DNA damage. Under basal conditions, SOX9 protein stability is tightly controlled by a phosphorylation by GSK3β within the CPD motif located within the K2 domain of SOX9. Phosphorylated SOX9 is recognized by FBW7 that targets SOX9 for proteasomal degradation.](gkw748fig7){#F7}

Exposure to UV irradiation or genotoxic chemicals causes a wide range of changes that serve to protect the cell from permanent DNA damage. The outcome of these changes is generally either DNA repair or apoptosis, depending on the degree of damage. DNA-damaged cells induce a dose-dependent transcriptional regulation of cell cycle proteins, and numerous cell cycle genes are suppressed after 12--24 h, including DNA polymerase, Fen1, primase, CDK7, cyclin B1, cyclin A and CDC6, among others ([@B70]). The activity of cell cycle-related proteins would be inhibited faster by active proteolysis. UV-irradiation causes degradation of Myc, p21 ([@B41],[@B54]), as well as the replication proteins HBO1, PLK1, CDT1, CDC6 and MCM10 ([@B42],[@B71]--[@B74]). Protein depletion is highly specific; levels of other cell cycle proteins are unchanged after UV exposure, such as other MCM family members, or the replication initiators ORC1--ORC5 ([@B74]), and we did not observe any changes in levels of activated Notch1 (Figure [1D](#F1){ref-type="fig"}). Due to the high selectivity of proteins that are degraded, it is highly plausible that the active depletion of SOX9 after UV- or drug-induced DNA damage serves a crucial purpose for the cellular response to genotoxic stress.

The kinetics of SOX9 degradation raises the possibility of the involvement of the apoptotic pathway. There are some indications in the literature that SOX9 overexpression may prevent apoptosis after DNA damage. For example, microarray data from murine cells with gut-derived intestinal epithelial stem cell characteristics, and high SOX9 expression, express genes associated with cell cycle re-entry, DNA repair and anti-apoptosis ([@B67]). In a more recent study, knock-out of SOX9 within the intestinal crypt increased the incidence of apoptosis after irradiation ([@B36]). Moreover, in the developing limb buds, conditional knockout of SOX9 caused extensive apoptosis ([@B68]). Additional studies would be needed to determine if apoptosis is a functional consequence of SOX9 depletion after DNA damage. In addition, it would be worthwhile to examine what role, if any, activation of apoptosis has on the regulation of SOX9.

The cellular response to UVC exposure, best observed by activation of the S-phase checkpoint, occurs at fluences as low as 1 J/m^2^, much lower than the fluence needed to degrade SOX9. This raises the question of why are higher levels of UV (\>5 J/m^2^) required for SOX9 degradation? The observation we report for SOX9 has some similarities to p21, which is also degraded in response to UV irradiation ([@B54],[@B60],[@B75]--[@B77]). The amount of DNA damage required for the detection of p21 degradation is incompatible with long-term cell survival ([@B78]), yet it was determined that failure to degrade p21 facilitates the replication of damaged DNA ([@B79]). The authors speculated that the amount of UV exposure needed to degrade p21 total protein levels may be much higher than what is needed for p21\'s function at the molecular level. Thus, processes restricted to subcellular molecular processes at lower UV fluences may not be evident at the global level, and unaffected protein levels may not imply a lack of activation of a cellular response. Likewise, we predict that although relatively high levels of UV are required to observe depletion of total SOX9 protein levels, SOX9 might actively participate in the cellular response to sub-lethal amounts of DNA damage even when SOX9 degradation is not detectable globally.

This study raises numerous additional questions. For example, what is the mechanistic role of SOX9 loss in the context of the DNA damage response? If the FBW7 axis targets SOX9 for degradation under basal conditions, what is the triggering event that accelerates the loss of SOX9 after genotoxic stress? Why is SOX9 depleted after exposure to UV, or treatment with doxorubicin or cisplatin, but increased after γ-irradiation, when all of these DNA damaging agents induce stalled replication forks? All of the aforementioned genotoxic agents elicit different types of DNA damage that converge on replication fork stalling and collapse. Could SOX9 participate in a cellular response that is upstream of that convergence? Does SOX9 have cellular response functions in addition to its transcriptional activity? Why would a stem cell and developmental gene be actively degraded after DNA damage when the DNA damage response is a universal mechanism? Because SOX9 is only expressed in certain cell types, perhaps a function of SOX9 is to participate in the DNA damage response only within the stem and progenitor cell pool, or during development, that is utilized by cancer cells for their survival advantage. It is known that progression through the cell cycle after genotoxic stress causes unperturbed DNA replication, prevents DNA break repair and leads to genomic instability. One explanation for the active and rapid degradation of SOX9 after exposure to DNA damaging agents could be to prevent the incorporation of permanent DNA replication errors into the genome. SOX9 has been reported to transcriptionally upregulate p21 expression ([@B18],[@B80]). It is possible that the rapid depletion of SOX9 facilitates a gene expression profile that enhances the DNA damage response. It would also be interesting to test if the inability to degrade SOX9 after DNA damage, caused either by overexpression of CPD-mutant SOX9 or by the loss of functional FBW7, enhances genomic instability or resistance to chemotherapy. Given the prevalence of FBW7 mutations and SOX9 overexpression in multiple tumor types, such a scenario would suggest that targeting the FBW7-SOX9 axis could have therapeutic implications. Moreover, failure to deplete SOX9 in tumor cells during chemotherapy could potentially contribute to tumor growth and progression.
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